Abstract: Uniaxial compression tests (UCTs) on 34 naturally fractured marble samples taken from the transportation tunnels of Jinping II hydropower station were carried out using the MTS815 Flex test GT rock testing system. Rockburst proneness index W ET is determined for the marble samples with the UCTs. According to the number, size and spatial structure characteristics of the internal natural fractures of the marble samples, fractures are basically divided into 4 types, namely, single fracture, parallel fracture, intersectant fracture and mixed fracture. The mechanical properties of naturally fractured rocks (4 types) are analyzed and compared with those of intact rock samples (without natural fractures). Experimental results indicate that failure characteristics of fractured rocks are appreciably controlled by fracture distribution or fracture patterns. In comparison with intact rocks, the failure of fractured marbles is a locally progressive failure process and finally rocks fail abruptly. Statistically, the uniaxial compressive strengths (UCSs) of rocks with single, parallel, intersectant and mixed fractures are 0.72, 0.69, 0.59 and 0.46 times those of the intact rocks, respectively. However, the elastic modulus of the fractured Yantang marbles is generally not different from that of intact rocks. But the elastic moduli of Baishan marble with single, intersectant and mixed fractures are 0.61, 0.62 and 0.45 times those of intact rocks, respectively. Experimental results also indicate that W ET of fractured marbles is generally smaller than that of intact marbles, which implies that rockburst intensity of fractured marble in field may be controlled to some extent. In addition, the bearing capacity of surrounding rocks is also reduced, thus the surrounding rocks should be supported or reinforced timely according to practical conditions.
Introduction


The basic issue of rock mechanics is to investigate the physico-mechanical behaviors of naturally fractured rocks (or fractured rock masses) [1] . After long-term geological evolutions and complicated conformations over millions of years, rocks have been submitted to accumulated stresses, and various discontinuities at different scales do exist, from mesoand micro-cracks to large faults and folds. Due to their lower strength, stiffness as well as deformationresistant capacity, these weak zones have great negative effects on the integrality and even the overall mechanical behaviors of rocks. The direct and effective method to study rock mass strength is to carry out field tests. However, for most rock engineering, the geological conditions in field are always so complicated that such experiments may not be easily controlled [2] . Moreover, due to different geological characteristics of engineering rock masses at different locations, the testing results in field usually reflect a local site, i.e. the results are only valid for the tested zone, not suitable for the whole engineered region. Therefore, understanding the mechanical behaviors of fractured rock masses is crucial to determine whether the indoor rock experimental parameters are applicable to engineering practice.
The brittle fracture mechanics of intact rocks is summarized and analyzed systematically [3, 4] . Mogi [5] introduced test results by using a triaxial device, and discussed the influence of intermediate principal stress on the rock failure modes. Xie et al. [6, 7] proposed damage and fracture mechanics in rock mechanics field, and deemed that the fracture and crack propagation of rocks had fractal properties, and thus could be described by fractal rock mechanics [7, 8] . Recently, a lot of studies [9] [10] [11] [12] [13] [14] were concentrated on the micro-failure of rocks, by using industrial CT, to detect internal cracks, porosities and defects of intact rocks. Thus, three-dimensional (3D) pore model to simulate failure mechanism of fractured rocks is constructed. Moreover, it indicates that rock failure is a process associated with energy release and stress dissipation. By using advanced MTS system, acoustic emission (AE), and 3D real-time monitoring system, Zhang et al. [15] studied the AE properties during the whole failure process of granite under axial multi-loading condition, and the stress-strain relations and AE parameters versus stress and time were obtained. Based on cylinder-covered fractal model, Pei et al. [16] presented the fractal characteristics of spatially distributed AE events of granite during the whole process of uniaxial compression, and revealed that decrease in AE spatial fractal dimensions would correspond to macro-fracture in rocks. Liu et al. [17, 18] conducted tests on the damping properties and parameters of rocks under cyclic loadings, and they established theoretical formulae to calculate rock damping parameters and to reflect the relationship between rock damping and dynamic stress. Due to the nature of randomization and complexity of natural fractures, and the difficulties in specimen preparation, researchers commonly use similar materials to simulate joints or fractures of natural rocks, or artificially prefabricated fractures to study rock mechanical behaviors. Brown [19] used gypsum stack model to conduct tests on rock block containing discontinuous joints. Vasarhelyi and Bobet [20] pre-embedded thin steel slice (0.1 mm) into gypsum model to study the connection modes of open and close joints under axial stress condition. By setting polytetrafluoroethylene slice in gypsum model, Fan and He [21] studied strength properties of rock masses containing directional close discontinuous joints. Yang et al. [22] used material model by mixing gypsum, sand and water at a certain ratio to simulate rock mass containing 2 and 3 groups of non-orthotropic joints, and to analyze the failure modes, mechanical properties as well as interaction among joints [23] . Some researchers put "ellipse" or other shape cracks into transparent and brittle materials, such as organic glass, inorganic glass, to study the law of connection and propagation of 3D cracks [24, 25] . Also some researchers prefabricated artificial fractures in rock specimens, such as cracks produced by three-point bending test, cracks cut by ultrathin diamond saws [26] , shear failure plane produced by triaxial test. However, naturally fractured rocks are not quite similar to those equivalent materials or artificially cracked materials. It is necessary to study the authentic failure modes and mechanical properties of naturally fractured rocks.
The mechanism of fractured rock masses in actual engineering cases is extremely complex, and maturely theoretical solutions are not available so far. In order to provide references for evaluating the stability of geological rock masses with large scale and give some advice for engineering design, construction and operation, this paper presents the deformation and failure properties of rocks through unaxial compression tests (UCTs), and investigates the differences in mechanical properties between naturally fractured and intact marbles by taking Jinping II hydropower station as an example.
Test description
Preparation of test samples
The marble samples were taken from transportation tunnels of Jinping II hydropower station, at an overburden depth of about 2 010 m. Marbles of Yantang group were cored from transportation tunnel A at the stake AK12+621, most of which were deep gray-gray black with medium grain-medium fine grain structure. The samples present striation and banded configuration, and obviously have layered structures. Their mineral components are mainly calcite (54.7%) and dolomite (45.3%). Marbles of Baishan group were gained from transportation tunnel B at the stake BK12+028.7, most of which were white-light gray with medium grain-medium fine grain structure. The samples present a block structure without constant orientation, which are distributed roughly uniformly [27] . The main minerals are dolomite (more than 90%), calcite (about 8.6%) and a little mica, thus the marble samples may be regarded as isotropic material.
The marble specimens employed in these tests were prepared according to the ISRM's advice, i.e. the specimen is cylinder with dimensions of 50 mm100 mm. The coring process was controlled according to the standard [28] . Considering the markedly layered characteristics of Yantang group marbles, the specimens were prepared at their axial directions, in which 2 cases were considered, i.e. axial direction perpendicular or parallel to bedding plane of marble layer.
Classification of fractured rocks
The test samples of intact and fractured rocks in complete process of UCTs are divided into 3 groups. Groups A1 and A2 are interbedded Yantang marble. For group A1, it is observed that the direction of the principal stress (axial compression) is parallel to bedding surface. For group A2, it is found that direction of the principal stress (axial compression) is perpendicular to bedding surface. Rock samples of group B belong to Baishan marbles. The UCT totalizes 34 fractured samples. According to the number, size and spatial structure characteristics of internally natural fracture of marble samples, fractures can be approximately categorized into 4 types (Fig.1) , namely, the single, parallel, intersectant and mixed fractures, short with letters S, P, I and M, respectively. The marked symbols of fractured samples consist of three numbers: group number, fracture type and number order for tests, for example, A1-S-1 means group A1, single fracture, first sample. 
2.3
Testing system and loading procedure MTS815 Flex test GT rock testing system is employed to carry out the tests. This equipment is characterized by its high axial rigidity, high measuring accuracy, stable performance and reliability (Fig.2) . The major technical parameters for the testing system are listed as follows: Because of high rigid and brittle properties of marbles tested in this study, sudden failures may occur during the test, which may cause serious damage to the sensors. Therefore, axial loading control was adopted in early elastic deformation stage with a loading rate of 20 kN/min, and the circumferential deformation control was considered at plastic yielding with a circumferential deformation rate ranging from 0.02 to 0.04 mm/min till the completion of the test. Rockburst proneness index W ET [29] 
Deformation and strength properties
The complete stress-strain curve of UCTs can describe rock mechanical properties during the whole compression process, in which intact rocks basically experience 4 stages: initial compaction, elastic deformation, microcrack extension and inelastic deformation, and post-peak deformation till failure. In order to investigate the effects of natural fractures on deformation and failure of rocks, the complete stress-strain curves of intact rock of Yantang and Baishan marbles are shown in Fig.3 as a reference for further discussion. The unloading curve before the peak of complete curve was obtained from the rockburst proneness index test hereinafter. In Fig.3(b) , C1, C2 and C3 correspond to the peak points of compressive strengths on the v
Fig.3
Typical complete stress-strain curves of intact marbles.
It can be observed from Fig.3(a) that the Yantang and Baishan marbles experience a stage of evidently brittle failure after peak. As for the marbles with large overburden depth, a few micro-fractures and high micro-structural compactness characteristics are observed due to their deposit environments, especially the high in-situ stress. For Yantang marbles, initial compression stage of the whole stress-strain curve and plastic deformation character before peak are not significant. For Baishan marbles, the axial deformation is remarkable during the compression process and its complete stress-strain curve shows upward concaveshape in its initial compaction stage. During the stage of inelastic deformation, due to the evenly distributed extension of microcracks inside test samples, the plastic deformation in this stage shows a drastic increase. Furthermore, the curve slope becomes flatter with the accumulated damage.
As shown in Fig Table 2 , where s E is the elastic modulus;
50
E is the deformation modulus, i.e. the ratio of stress to strain at 50% peak stress ( c 0.5 ); 1c
 and vc  are the axial peak strain and the corresponding volumetric strain, respectively, which are prescribed as: compression is positive and expansion is negative. 
Intact sample
6.08  5.0). Owing to the effect of rough bedding surfaces, the mechanical properties of Yantang marbles show a great heterogeneity. When the principal stress is parallel to the bedding surface (group A1), the UCS of Yantang marbles is 132.81 MPa, 21.3% lower than that of group A2 (168.73 MPa) with the principal stress parallel to bedding surface. However, the elastic modulus of group A1 (75.05 GPa) is 10.9% higher than that of group A2 (64.20 GPa). Accordingly, when the principal stress is parallel to bedding surface, rockburst proneness index of group A1 is the largest (W ET = 8.43). However, when the principal stress is perpendicular to the bedding surface, W ET of group A2 is decreased to a certain degree, but still has a high possibility of low-to-medium intensity of rockburst (W ET = 4.54∈ [2.0, 5.0)). Figure 4 shows typical failure patterns of intact marbles after UCTs. (1) For intact samples in group A1, the principal stress is parallel to bedding surface. Due to the existence of bedding surface, splitting failure is more likely to occur during compression process after intergranular deformation reaches such a critical value that the grains begin to separate from each other. When loading continues, some new shear failure surfaces occur.
Failure patterns
(2) For intact samples in group A2, the principal stress is perpendicular to bedding surface. The uncoordinated intergranular deformation between bedding surfaces is comparatively small. Therefore, in this case, both shear failure surface and compressive crack surface will occur.
(3) After the marbles of group B are broken, one end has the shape of an intact cone and the other has the shape of a partially broken cone. Two ends of the samples are restrained to a state of three-directional compression stresses due to frictional effect on structural compactness. However, rock grains in the middle of samples are liable to lose cohesion so that the structure becomes looser and is likely to spall or crack.
4
Testing results of multi-group fractured rocks and discussions 4.1 Influences of single fracture on physicomechanical properties of rocks Figure 5 shows the complete stress-strain curves of single-fractured samples of group A1. Table 3 shows the structural features and main mechanical parameters of single-fractured sample from the tests, where  is the dip angle of fracture surface, i.e. the angle between fracture surface and level surface;  is the connectivity, i.e. the proportion of fracture surface to failure surface expanding along the fracture surface; t is the volumetric density, which is defined as the area of fracture surface divided by sample's volume. Fig.5(b) , it can also be concluded that the slope of the v  -1  curve of fractured samples is much flatter than that of intact sample before peak value is reached, and a very closed circulation at the position of peak value is formed. It implies that the failure of fractured samples is abrupt. It should be noted that when the fractured sample A1-S-1 fails along the fracture surface and is broken into 2 separate blocks, certain bearing capacity is still remained. It can be observed from Table 3 that the UCSs of single-fractured samples are 0.36-0.92 times those of intact test samples, with an average of 0.72 times (UCS of fractured sample A1-S-2 is not considered). Since the dip angle, connectivity and volumetric density of fracture surfaces are diversified, the UCSs of fractured samples in groups A1 and B vary within a large range. However, for rock samples of group A2, the difference is smaller.
Under the condition that bedding surface is parallel to the principal, the UCS of the fractured Yantang marble sample is greatly influenced by the geometry of fracture. However, when the principal stress is perpendicular to the bedding surface, the geometry of fracture has less influence on the sample. The elastic moduli of penetratively fractured samples A1-S-2 and A2-S-2 of Yantang marbles are greatly reduced (by 0.28 and 0.75 times, respectively), while the elastic moduli of non-penetratively fractured samples change a little, only some increase due to their individual differences. As the mineral grain size of dolomite is small and liable to slip, the elastic moduli of non-penetratively fractured samples of Baishan marble are reduced by 0.46-0.90 times, with an average of 0.61 times, those of intact samples. The variation of elastic modulus is similar to that of UCS. Consequently, the lower UCS and elastic modulus of fractured samples have a smaller rockburst proneness index W ET . The average value of W ET is 0.5 times those of intact samples.
Influences of parallel fracture on physicomechanical properties of rocks
The complete stress-strain curves (Fig.6 ) of group A1 are employed to analyze the influences of fractures of this type on the strength and deformation behaviors of rocks.
Fig.6
Complete stress-strain curves of parallel-fractured rock (group A1). Table 4 gives the main physico-mechanical parameters of parallel-fractured test samples. It can be observed from Fig.6 (a) that the failure process of parallel-fractured sample is also progressive. Because of the existence of a penetrative fracture, the elastic modulus of sample A1-P-2 is 40.41 GPa, 0.54 times that of the intact sample. When the axial stress is low (21.46 MPa), the samples fail along the fracture surface for the first time with stress drop. Then, the internal stress in the test sample is redistributed with another stress drop. Stress increases slowly as axial strain increases, with a peak strength of 25.32 MPa, only 0.19 times that of intact sample. After peak strength, the rock sample experiences several cycles of axial unloading-reloading processes. The slope of strain-stress curve gradually becomes flat, and the rockburst proneness index W ET is 0.18 times that of intact test sample. In addition, as the dip angle of parallel-fractured surface of sample A1-P-1 is approximately 90 and fracture surface does not fully penetrate throughout the sample, the UCS of sample is up to 115.94 MPa, 0.87 times that of the intact rock sample. Due to individual differences in rock samples, the average elastic modulus is 83.07 GPa. Although the test sample fails once again at a post-peak stress of 57.34 MPa and experiences several cycles of axial unloading-reloading, the slope of stress-strain curve almost remains the same. From Fig.6(b) , we can observe that, when peak stress drops, for the parallel-fractured sample, the corresponding turning also appears on the v  - 1  curve. This means that the failure of fractured sample is controlled by fracture structures. During the post-peak cyclic unloadingreloading processes, as the dip angle of fracture surface is approximately perpendicular, a large portion of volumetric deformations of sample A1-P-1 is caused by the inter-separation of failed blocks. However, the test sample does not totally lose its bearing capacity after failure. Since sample A1-P-2 slips along the fracture surface after its first crack, the volumetric deformation and axial deformation increase at the peak value.
From Table 4 , it is clear that the UCS of parallelfractured sample is 0.19-0.87 times the UCS of intact sample, with an average of 0.69 times that of intact sample. As stated in Section 2.1, when considering the layered characteristics of Yantang marbles, two types of specimens were prepared, i.e. axial direction perpendicular or parallel to bedding plane of marble. During the UCTs in which axial direction is parallel to bedding plane of marble, the UCSs of fractured Yantang marbles are quite different due to the influence of fracture structures. However, during the UCTs in which axial direction is perpendicular to bedding plane of marble, the UCSs of the fractured Yantang marbles are rarely changed.
Since sample A1-P-2 contains penetrative fractures, its elastic modulus is only 0.54 times that of intact sample. Although sample A2-P-1 does not contain penetrative fractures, the dip angle of the fracture surface is approximately 45. Therefore, shear stress on the fracture surface is considerably large and liable to produce shear slip. Its elastic modulus is 0.88 times that of intact sample, which indicates that the dip angle of the fracture surface can also reduce elastic modulus of fractured sample.
Influences of intersected fracture on physicomechanical properties of rocks
The complete stress-strain curves of intersectantly fractured sample in group A1 (Fig.7) are considered to illustrate the influences of fractures of this type on the strength and deformation characteristics of the rocks. Table 5 gives the main physico-mechanical parameters A1-P-1
A1-P-2
Fig.7
Complete stress-strain curves of intersectantly fractured rocks (group A1).
of intersectantly fractured samples. In Fig.7 , the UCSs of fractured samples A1-I-1 and A1-I-2 are 83.19 and 49.68 MPa, respectively, only 0.63 and 0.37 times that of intact sample. However, at the stage of peak value and before the first stress drop, the 1  - 1  curves are similar to those of intact sample.
The v  -1  curves of samples A1-I-1 and A1-I-2 are almost overlapped on those of intact samples, whose elastic moduli are 77.30 and 84.42 GPa, respectively, approaching the elastic modulus of intact sample. When stress drop and peak stress occur, the v
curves of fractured sample turn around apparently, which indicates that failure of intersectantly fractured samples is also induced by a sudden instability due to the stress concentration on the fracture surface margin. Although the post-peak 1  -1  curve of sample A1-I-1 experiences several axial cyclic unloadingreloading processes, the slope of curve remains almost the same and its bearing capacity is not totally lost. From Table 5 , it can be observed that the UCS of intersectantly fractured samples is 0.31-0.87 times that of intact samples, with an average value of 0.59 times No. that of intact samples. By comparing fractured Yantang marbles with intact sample, the differences in the elastic moduli are within 10%. Even if the fractured samples A2-I-2 and A2-I-5 contain penetrative fractures, the decreasing amplitude of elastic modulus is not drastic due to the very small volumetric density of fracture surface or gentle dip angle. The elastic modulus of the fractured Baishan marbles is 0.60-0.68 times that of intact sample, with an average value of 0.62 times that of intact rocks. The mean value of rockburst proneness index W ET of intersectantly fractured marbles is 0.58 times that of intact rock. In addition, the values also agree well with the ones of fractured samples.
Influences of mixed fracture on physicomechanical properties of rocks
The complete stress-strain curves (Fig.8 ) of mixed fractured sample in group A1 are considered to reflect the influences of fractures of this type on the strength and deformation characteristics. Table 6 gives the 
Fig.8
Complete stress-strain curves of mixed-fractured rocks (group A1). Table 6 Main physico-mechanical parameters of mixedfractured samples.
No.  -1  curves that the residual strength of sample is quite small after failure. It can also be observed from Fig.8(b) that, for the mixed-fractured sample, the small cuspidal points may appear in the v  -1  curve at the points when stress drops. However, when the peak stress occurs, the corner of the curve is larger than 90. This indicates that the failure of fractured samples of this type is not abrupt. From Table 6 , we can observe that the UCS of the mixed-fractured sample is 0.21-0.79 times that of intact sample, with an average value of 0.46 times that of intact sample. Differences in elastic moduli between fractured Yantang marbles and corresponding intact rock are within 5%, except for sample A1-M-2 with a value of 0.80 times that of intact sample. The elastic modulus of sample A2-M-3 is 0.63 times that of the intact sample due to high fracture density in a certain area. The elastic modulus of fractured Baishan marbles is 0.24-0.48 times that of intact sample, with an average value of 0.45 times that of intact rocks. The mean value of the rockburst proneness index W ET of the mixed-fractured marble is 0.45 times that of intact rocks. In addition, its value also matches well with that of the fractured sample.
Comparison of strength properties between intact and fractured rocks
All the testing results of intact and fractured marble samples are systematically compared and analyzed. Figure 9 shows the results of this context for the Jinping marbles. Generally, as the number of fractured rock groups increases, the UCS is reduced. Figure 9 (a) summarizes the uniaxial compression results for marbles in group A1. The principal stress (axial compression) is parallel to the bedding surface of rocks. The testing results are drastically scattered, mainly because the loading principal stress is parallel to the bedding surface. As for the uniaxial test at present, the rocks are mainly subjected to fracture failure under uniaxial compression. Since the bedding surface of the marble is parallel to the principal stress and certain angles exist in different types of naturally fractured surfaces and bedding surface, the strength of rocks becomes very high. The angle between the naturally fractured surface and the bedding surface has positive effects on bearing capacity. However, when the angle between the naturally fractured surface and the bedding surface has negative effects on bearing capacity, the strengths of rocks are lower. Therefore, it can be concluded that the strength of marbles in group A1 is controlled by the bedding surface and natural fractures together. As a result, the strengths of marbles in group A1 are scattered. Figure 9 (b) shows the results of uniaxial test for marble in group A2, i.e. the principal stress (axial compression) is perpendicular to bedding surface. In a global sense, as the number of fractured rock groups increases, the strength of marbles is reduced. Compared with group A1, the strength is less scattered. Different angles exist between the naturally fractured surface and depositional surface, and the principal stress is perpendicular to the bedding surface. As a result, the strengths of rocks are totally dominated by the depositional surface perpendicular to the principal stress, and little influenced by the fracture surface. Therefore, it is the main reason for the small discrepancy. Figure 9 (c) shows the results of uniaxial test for Baishan marble. Although the mineral components of Baishan marble are similar to those of other marbles, the fracture surface plays a decisive role in rock strength. Therefore, the testing result of the fractured rock in this group is also quite discrete.
In order to understand the effects of intact, single, parallel, intersectant and mixed fractures on Yantang and Baishan marbles in Jinping, normalized UCSs are proposed. As shown in Fig.10 , the normalization index is the ratio of the UCS of marbles with different types of fracture surfaces to that of intact marbles. It can be concluded that, compared with intact marbles, when the principal stress (axial compression) is perpendicular to the bedding surface, the UCS of the mixed-fractured marble of Yantang marble (group A2) is reduced by 1.6 times. However, the UCSs of mixedfractured marbles in Yantang marble (group A1) and Baishan marble (group B), where the principal stress (axial compression) is parallel to the bedding surface, are reduced by 2.7 and 3.3 times, respectively, and their downtrends are almost consistent.
Conclusions
Using MTS815 Flex test GT rock testing system, UCTs on the intact and fractured samples of Jinping marbles are conducted. Through comparisons and analyses, differences in mechanical behaviors and macro-failure patterns of different fractured marbles are obtained. The major conclusions are summarized as follows:
(1) The failure patterns of naturally fractured rocks are mainly controlled by fracture structure. Compared with intact rocks, failure of naturally fractured marbles shows a locally progressive process, with a high probability of sudden failure. The peak strength and elastic modulus of naturally fractured marbles basically show a decreasing trend and their values are related to fracture types (single, intersectant, parallel and mixed) and fissured characteristics (dip angle, connectivity, volumetric density, etc.).
(2) The UCSs of naturally fractured marbles of different types can be ranked as follows (from high to low): single, parallel, intersectant, and mixed. Based on statistics, the average UCSs are 0.72, 0.69, 0.59 and 0.46 times those of intact rocks, respectively. As the grain size of calcites is larger and its fracture surface is rough, much more friction can be provided. Therefore, elastic moduli of fractured Yantang marbles are generally the same as those of intact rocks (except penetrative fractures, fracture surface with a dip angle of approximately 45, fracture concentration and other conditions). In contrast, since mineral grain size of dolomites is smaller and the fracture surface is relatively smooth, elastic moduli of marbles with single, intersectant and mixed fractures of Baishan marble are 0.61, 0.62 and 0.45 times those of intact rocks, respectively.
(3) Under uniaxial compression, fractures are liable to propagate and extend along axial direction. The relation between compression direction and bedding surface plays great influences on the UCSs of fractured Yantang marbles. When the principal stress is parallel to the bedding surface, UCS of Yantang marble is more liable to be influenced by the internal fracture structures and relative parameters than those when the principal stress is perpendicular to the bedding surface. However, as the mineral component of fractured Baishan marbles is relatively uniform, it is influenced by its internal fracture structures.
(4) The rockburst proneness index W ET of fractured marbles is normally reduced. At the same time, the bearing capacity of fractured rocks with larger dip angle is also reduced. Therefore, when the manual pre-fracturing is performed in field to reduce rockburst intensity, timely supporting of surrounding rocks is greatly needed.
